Atmospheric temperature and water vapor profiles are retrieved from thermal infrared spectral radiances measured with the Thermal And Near infrared Sensor for carbon Observation-Fourier Transform Spectrometer (TANSO-FTS). An initial validation of these retrievals was carried out with dedicated radiosonde measurements over the land and the ocean. Comparisons are made between measurements that are matched closely in both time (one hour) and space (<110 km). The differences in individual matchups for water vapor and temperature are within 50% and 3 K, respectively, in most regions of the vertical profile. For the water vapor retrieval, the mean difference from radiosonde data is less than 20%, and the standard deviation of the difference is smaller than 25% for both land and ocean scenes. For the temperature retrieval, the comparison with the radiosonde profiles indicates that the mean difference is better than 1.5 K with <1.2 K standard deviation. We find that uncertainty in surface emissivity could make water vapor and temperature retrievals in the lower troposphere difficult. We also demonstrate a negative correlation between the water vapor in the atmospheric column and the precision of the retrievals.
Introduction
Atmospheric temperature and water vapor concentrations are highly variable, so obtaining measurements on different spatial and temporal scales is important. Satellite remote sensing can provide data that is denser and more homogeneous than other in situ and/or ground-based techniques. In the late 1990s, hyperspectral instruments (high-spectral resolution spectrometers) with several thousand channels across the infrared region became available, thus these spectral measurements are routinely used to produce atmospheric constituents and thermodynamic parameters (such as the vertical profiles of temperature and water vapor) over the land and the ocean, which are critical data sources for research in the atmospheric sciences, climate monitoring, and weather prediction.
While the satellite instruments can provide a global perspective, it is necessary to validate the satellite products using sensors with superior measurement capabilities. An evaluation of retrieved temperature and water vapor profiles against reference profiles such as those obtained from radiosonde measurements can help to improve the retrieval algorithms. Previous investigations have performed validation studies for various satellite infrared sounder products using operational radiosondes (Divakarla et al. 2006; Shephard et al. 2008; Sun et al. 2010; Reale et al. 2012) . The high spatial and temporal variability of atmospheric temperature and water vapor can cause critical sampling errors if the atmospheric state of radiosonde measurement is not spatially coincident with the instantaneous field of view (IFOV) of the satellite instrument at the overpass time. Thus, dedicated radiosondes have been considered an important dataset for sounder retrieval validation (Fetzer et al. 2003; Tobin et al. 2006; Nalli et al. 2011) .
The Thermal And Near infrared Sensor for carbon Observation-Fourier Transform Spectrometer (TANSO-FTS) onboard Greenhouse gases Observing SATellite (GOSAT) measures the sunlight backscattered by the Earth's surface and atmosphere as well as the thermal radiance emitted from the Earth. Atmospheric CO 2 and CH 4 column-averaged dry-air volume mixing ratios (VMRs) are retrieved from the TANSO-FTS spectral radiance in the short wavelength infrared (SWIR) region (Yokota et al. 2009; Yoshida et al. 2013) , while atmospheric CO 2 and CH 4 profiles (and column-averaged dry-air VMRs) are retrieved from the thermal infrared (TIR) spectral radiance (Saitoh et al. 2009 (Saitoh et al. , 2012 . In the present study, atmospheric temperature and water vapor profiles are retrieved from the TIR spectral radiances. In order to assess the retrieval algorithm and to properly use the retrieved profiles, it is necessary to know how reliable these TANSO-FTS retrievals are. We evaluate the temperature and water vapor retrievals with radiosonde observations over both the land and ocean, which are temporally and spatially coincident with the GOSAT overpass.
GOSAT measurements
GOSAT is in a sun-synchronous orbit at an altitude of approximately 666 km, with a 3-day recurrence. Its orbit crosses the equator at two local times, around 01:00 and 13:00, for the ascending and descending node, respectively. The instruments onboard GOSAT are TANSO-FTS and the TANSO-Cloud and Aerosol Imager (TANSO-CAI). TANSO-FTS is a nadir-looking Fourier transform spectrometer with a maximal optical path difference of 2.5 cm. It has three bands in the SWIR region (Bands 1, 2, and 3) and one wide band in the TIR region (Band 4). TANSO-FTS measures sunlight spectra in the SWIR region only in the daytime, as well as emission spectra in the TIR region during both the daytime and nighttime. Although the full width at half-maximum (FWHM) of the instrumental line shape function depends on the spectral region, the FWHM around 1000 cm . The TANSO-FTS IFOV is 15.8 mrad, which corresponds to about 10.5 km diameter footprint at the nadir point. Kuze et al. (2009) have described the details of the TANSO-FTS and TANSO-CAI instruments, as well as the data processing from the raw interferogram to spectral radiance. In the present study, the latest available version (V150151) (Kuze et al. 2012) of spectral radiances in the TIR region is used.
Data analysis

Retrieval algorithm
The retrieval algorithm includes a forward model line-by-line radiative transfer calculation and an inversion to obtain the best . These are estimated based on evaluation using the onboard blackbody of ~280 K.
For temperature retrieval, we adopt a two-step retrieval. The spectral radiance around the 14 μm CO 2 band has a low bias in low radiance channels and a high bias in high radiance channels (i.e., radiance-dependent offset) compared to other TIR sensors (AIRS and IASI) (R. O. Knuteson, personal communication 2013) . We represent the measured radiance R m using a correct radiance R and coefficients a and c corresponding to slope and intercept for the radiance-dependent offset, respectively:
In the first step, the slope and intercept for the radiance-dependent offset, surface temperature, and wavenumber shift are retrieved while other input parameters are fixed to the a priori values. In the second step, the atmospheric temperature profile and other auxiliary parameters are retrieved, using the retrieved radiance-dependent offset. The a priori covariance matrix is configured in the same manner as the water vapor retrieval, except for not retrieving HDO profile and adopting a correlation length of 5 km for the off-diagonal elements of the temperature section. The diagonal element of the measurement covariance matrix is assumed to be 35 nW/cm 2 /sr/cm −1 .
Retrieval characterization
Examples of the spectral fits for the water vapor and temperature retrievals are shown in Figs. 1a, b, c, respectively. The residuals show that the spectral fits are performed well and that there are no systematic errors in the residual. Here, the averaging kernels A indicate the vertical resolution of the measurements and represent the sensitivity of the retrieved state x to the "true" state x (Rodgers, 2000) : (2) The trace of the averaging kernel matrix provides the number of independent pieces of information contained in the retrieval, and is referred to as the degrees of freedom for the signal (DOFS) (Rodgers, 2000) . Figure 2a presents the averaging kernel for H 2 O that corresponds to the retrieval shown in Figs. 1a, b; it indicates that the H 2 O retrieval has sensitivity up to ~12 km. In our water vapor retrieval, the DOFS values for H 2 O profile are in the range 3−5. This implies that 2−4 partial columns of H 2 O can be retrieved independently. Figure 2b presents the averaging kernel for the temperature retrieval shown in Fig. 1c , which indicates that temperature has a sensitivity up to ~16 km. The DOFS values are in the range 3−5.
Results and discussions
Comparison with water vapor profiles from radiosonde
To evaluate the quality of the retrieved water vapor profiles, we used humidity data obtained from radiosonde measurements. The retrieved profiles are compared with those radiosonde profiles that are acquired within 1 h of the GOSAT overpass time during the three campaign observations: validation campaigns over Tsukuba (36.051°N, 140.122°E, elevation 30 m) and Saga (Kuze et al. 2011) . During these campaigns, we utilized three different types of radiosonde sensor. The radiosonde sensor manufactured by Vaisala (RS92-SGPD: accuracy ±0.5°C, 5% RH) was used for the R/V Mirai cruises and Railroad Valley campaigns, while ones manufactured by Meisei Electric Co. (RS-01G/RS-06G: accuracy ±0.5°C, 7% RH) were used for the Tsukuba and Saga aircraft campaigns (RS-01G: 2010−2012; RS-06G: 2013 campaigns). The relative humidity from RS-01G/RS-06G is corrected using a method from the Japan Meteorological Agency (JMA 1995). The estimate of atmospheric/surface states from measured spectral radiances. The inversion approach employs an iterative spectral fitting based on the optimal estimation method (Rodgers 2000) . The setup and retrieval algorithm used in this study are similar to those for TANSO-FTS TIR ozone retrieval, which are described in detail in Ohyama et al. (2012) . Here, input parameter changes made from Ohyama et al. (2012) and the setups for water vapor and temperature retrievals are outlined.
The water vapor profile is retrieved using the two spectral ranges: 1190−1228 and 1290−1328 cm −1
, and the atmospheric temperature profile is retrieved from the 690−765 cm −1 spectral range including the CO 2 absorption lines. Pressure and a priori temperature profiles are generated by connecting the Grid Point Value (GPV) data and CIRA86 climatology (http://badc.nerc.ac. uk/data/cira/). The a priori H 2 O profiles are calculated from the GPV data and MIPAS model atmosphere (http://www-atm.physics. ox.ac.uk/RFM/atm/). The CO 2 and CH 4 profiles are made by averaging outputs in 2010 from the NIES transport model 05 (Maksyutov et al. 2008 ) per month and per 10° of latitude. The N 2 O profile is taken from the MIPAS model atmosphere. The CO 2 and N 2 O profiles take into account growth rates of 2.0 ppm/year and 0.75 ppb/year, respectively. The surface emissivity for the ocean is taken from the calculation of van Delst and Wu (2000), while the monthly global database with 0.05 degree spatial resolution (Seemann et al. 2008 ) is used as the a priori input for the surface emissivity of the land. Spectroscopic line parameters for CO 2 and CH 4 are taken from the line parameter files provided by AER Inc. (http://rtweb.aer.com/), which include the first order line-mixing coefficients at four specific temperatures (Niro et al. 2005) . For the other species, we use spectroscopic line parameters from the HITRAN 2008 database (Rothman et al. 2009 ).
For the retrieval algorithm described above, the a priori covariance matrix S a and the measurement covariance matrix S ε are set up as follows. For water vapor retrieval, we retrieve H 2 O and HDO (semiheavy water) profiles simultaneously, accounting for the cross correlations between the water molecule isotopologues. The joint retrieval allows a precise estimation of the isotopologue ratio by partial cancellation of systematic errors common to both H 2 O and HDO. The H 2 O and HDO sections of the a priori covariance matrix are set according to the method of Worden et al. (2006 Worden et al. ( , 2007 
where S a HH and S a R are the a priori covariance matrices of H 2 O and the water isotopologue ratio (HDO/H 2 O), respectively. The a priori uncertainties (square roots of the diagonal elements of the a priori covariance matrix) of the H 2 O profile are assumed to be 40% of the VMR below 2.4 km; to decrease exponentially with increasing altitude, reaching 30% at 13.2 km; and to remain at 30% above 13.2 km. The a priori uncertainties of the HDO/H 2 O profiles are assumed to be 80‰ at each altitude. The off-diagonal elements of S a HH and S a R are calculated according to σ i σ j exp(− | z i − z j | /l ), where σ i and σ j are a priori uncertainties at altitudes z i and z j , respectively, and l is a correlation length whose value is chosen to be 4 km. The a priori uncertainties of the temperature profile are assumed to be 1.5 K at each altitude. The H 2 O and HDO VMRs as well as atmospheric temperature are kept fixed to the a priori profile in retrievals above 20 km. In addition to the atmospheric profile, the retrieval algorithm also determines auxiliary parameters: wavenumber shift; surface temperature; and if the measurement is over land, the surface emissivity at window center and its spectral slope. The main aim of the surface temperature and emissivity fit is to determine the baseline of the spectra. The uncertainties in the surface temperature and emissivity are set to 5 K and 2%, respectively. Cross terms in S a , that represent correlations between different types of parameters, except for H 2 O and HDO (e.g., between H 2 O and atmospheric temperature), are assumed to be zero. The measurement covariance matrix is assumed to be a diagonal matrix with the diagonal elements corresponding to the dry bias of the relative humidity from RS92-SGPD is corrected according to Yoneyama et al. (2008) , which takes into account the solar zenith angle dependence of the dry bias. In order to mitigate potentially significant sampling errors caused by the high spatial variability of atmospheric water vapor, it is beneficial to decrease distance mismatch for the comparison (Sun et al. 2010) . Taking into account the number of matchup, we set the coincidence criteria as a circle with 110 km radius around the radiosonde launch site. The numbers of radiosonde measurements that fulfill the criteria are 13, 12, and 17 for the Tsukuba/Saga campaigns, R/V Mirai cruises, and RRV campaigns, respectively. First, to survey the bias and precision in the retrieved H 2 O profile, we compare the TANSO-FTS water vapor profiles with radiosonde profiles, smoothed by the TANSO-FTS averaging kernels according to Equation (3), (3) where x sonde and x sonde are the smoothed and original radiosonde profiles, respectively, and x a is the a priori profile. The profiles in Figs. 3a, b, c show the percentage differences of the TANSO-FTS H 2 O retrievals from the radiosonde measurements during the aircraft campaigns, R/V Mirai cruises, and RRV campaigns, respectively. Note that the comparisons during the aircraft campaigns (over Tsukuba and Saga) are limited to a maximum of 7.8 km altitude, because the RS-01G/RS-06G humidity sensors do not have sufficient accuracy to validate the TANSO-FTS retrieval at temperatures below −40°C (JMA 1995) .
The results of the comparison reveal that water vapor retrievals from TANSO-FTS are in good agreement with the radiosonde measurements: each pair of the TANSO-FTS and radiosonde water vapor measurements agrees to within 50% in most regions of the vertical profile. The comparisons for each campaign have mean differences within 20% and a standard deviation of <25% below an altitude of 12 km. In the case of the R/V Mirai cruises Open diamonds denote the observed spectra, and the solid lines denote the spectra calculated from the retrieval result. The residual between the observed and calculated spectra is also shown in blue color. The number of radiosonde-retrieval matchups is noted at the top of each panel. The grey solid lines denote all the individual comparisons, and the colored solid lines and error bars denote the mean differences and the 1-sigma standard deviations, respectively. Because the humidity sensors used during the aircraft campaigns do not have sufficient accuracy at low temperature (see text), the percentage differences above 7.8 km altitude in Fig. 3a are indicated by the dotted lines for the purpose of reference. and the RRV campaigns, the TANSO-FTS retrievals show moist biases of around 20% in the upper troposphere. The degradation (negative bias of −20%) in the lower troposphere over RRV may arise from uncertainty in the land surface emissivity, which varies significantly with wavenumber in the spectral region used for the water vapor retrieval (Seemann et al. 2008) . Figure 4 shows a scatterplot between TANSO-FTS and radiosonde precipitable water vapor (PWV) for the three campaigns. The TANSO-FTS retrievals are in good agreement with the radiosonde measurements with a correlation coefficient of 0.98 and a root mean square error of 2.9 cm.
Comparison with atmospheric temperature profiles from radiosonde
Performing the temperature comparisons, we define the coincidence criteria similar to those for the water vapor comparisons (i.e., a spatial matchup distance of 110 km and a temporal matchup window of 1 h). Figures 5a, b , c show the differences between the TANSO-FTS and radiosonde measurements during the aircraft campaigns, R/V Mirai cruises, and RRV campaigns, respectively. Each pair of TANSO-FTS and radiosonde temperature profiles agrees to within 3 K in most altitude regions. The comparisons for each campaign have mean differences within 2 K and a standard deviation of <1.5 K. The TANSO-FTS temperature biases observed in the upper troposphere may be introduced by uncertainties in the L1B calibration processing (i.e., polarimetric calibration of the optics system and the detector non-linearity correction) (Kuze et al. 2012) . The standard deviations of the differences between TANSO-FTS and radiosonde for each campaign (Figs. 3 and 5) and the PWV (Fig. 4) have a negative correlation (i.e., the standard deviations increase as the PWV is smaller). Kwon et al. (2012) describe this relationship on the basis of a negative correlation between the variability of the temperature/water vapor and the PWV, and discuss the intrinsic difficulty of retrieving atmospheric parameters with large variability. The present results are comparable to those of Kwon et al. (2012) .
Conclusion
Comparisons of TANSO-FTS retrievals with radiosonde data provide an opportunity to assess the accuracy and precision of tropospheric temperature and water vapor profiles from TANSO-FTS TIR spectral radiances. We obtain vertical radiosonde profiles over both the land and the ocean, which are coincident with the GOSAT overpass time. We set match-up criteria that must be inside 110 km radius around the radiosonde launch site and within one hour for each measurement. The agreement of the TANSO-FTS retrievals with the radiosonde profiles at each altitude level is better than 3 K and 50% for the temperature and the water vapor, respectively. The mean difference between TANSO-FTS and radiosonde temperature profiles is better than 1.5 K with <1.2 K standard deviation over land. A better agreement (standard deviation <0.7 K) is seen over the ocean. For water vapor retrievals, the comparison with the radiosonde profiles shows a mean difference within 20%, but has <25% standard deviation for both the land and the ocean. Uncertainty in surface emissivity is thought to make accurate temperature and water vapor retrievals in the lower troposphere difficult. We also show that a small amount of PWV could degrade the precision of the retrievals. 
